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Overexpression of Follistatin in Human Myoblasts 
Increases Their Proliferation and Differentiation, 
and Improves the Graft Success in SCID Mice 

B. F. Benabdallah, M. Bouchentouf, J. Rousseau, and J. P. Tremblay 
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Duchenne muscular dystrophy is caused by the absence of functional dystrophin, leading lo the myofiber 
membrane instability and progressive muscle atrophy. Myoblast transplantation in dystrophic muscles is a 
potential therapy, as it permits the long-term restoration of dystrophin expression in transplanted muscles. 
However, the success of this approach is limited by the short period of muscle repair following myoblast 
transplantation. Myostatin, a powerful inhibitor of muscle growth, is involved in terminating the period of 
muscle repair following injury by reducing myoblast proliferation and differentiation. Follistatin forms a 
complex with myostatin, preventing its interaction with its receptor and thus blocking the myostatin signal. 
Here, we used a lentivirus to overexpress the follistatin protein in normal myoblasts to block the myostatin 
signaling. We measured the potential of transduced myoblasts to proliferate and to form multinucleated 
myotubes in vitro. And finally, we considered the engraftment success of those transduced myoblasts in 
comparison with control cells in vivo within SCID mice TA muscle. Our results first confirmed the overex- 
pression of follistatin into lentivirus transduced myoblasts, and second showed that the overexpression of 
the follistatin in normal human myoblasts improved in vitro their proliferation rate by about 1.5-fold after 
96 h and also their differentiation rate by about 1.6- and 1.8-fold, respectively, in the absence and in the 
presence of recombinant myostatin. Finally, our data demonstrated that the engraftment of human normal 
myoblasts overexpressing the follistatin protein into SCID mouse muscles was enhanced by twofold. 
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INTRODUCTION 

Duchenne muscular dystrophy (DMD), a severe X- 
linked genetic disease, is the most severe dystrophy in 
children. It affects one male in 3,500 at birth (3). The 
disease is due to a mutation of the dystrophin gene, re- 
sulting into the absence of that submembrane protein. 
Dystrophin is a 427 -kDa protein expressed in myofibers, 
where it provides a link between the extracellular matrix 
and the cytoskeleton (6). The absence of dystrophin in- 
duces an instability of the myofiber membrane and pro- 
gressive degeneration of muscle tissue (25). Normal my- 
oblasts transplanted in dystrophic muscles fuse with 
damaged host myofibers, forming hybrid fibers, which 
express dystrophin (21). The limited period of muscle 
regeneration that follows muscle injury reduces the suc- 
cess of the therapeutic approach. This can be bypassed 
by repetitive cell injection very close to each other, as 
demonstrated by our group (27). 



Myostatin, also called growth and differentiation fac- 
tor-8, belongs to the superfamily of transforming growth 
factor-[3. It is predominantly expressed in skeletal mus- 
cle, which suggests that it plays an important role in 
regulating muscle development (17). The great muscle 
hypertrophy phenotype of mice lacking myostatin gene 
suggested that myostatin normally regulates negatively 
muscle growth (17). In fact, myostatin reduces the pro- 
liferation and differentiation of both myoblasts and sat- 
ellites cells (16,24,30). As the other members of the 
TGF-P family, myostatin is synthesized as a precursor 
protein that undergoes two proteolytic processing to 
generate the biologically active molecule (17). The first 
cleavage removes the N-terminal signal necessary for 
targeting the protein to the secretion pathway, and the 
second one generates the C-terminal fragment, which 
possesses the receptor binding activity. The N-terminal 
fragment following the second proteolytic processing 
has been referred as the propeptide; this propeptide 



Received July S. 2008: final acceptance January 27, 2009. Online prepub date: April 23, 2009. 

Address correspondence to Jacques P. Tremblav. Ph.D.. Unite de recherche en ('icne'tique humaine. Centre de recherche de l'Universite Laval, 
2705, boulevard Laurier, RC-9300, Quebec, Quebec, Canada G1V 4G2. Tel: (418) 654-2186; Fax: (418) 654-2207; E-mail: Jacques-P.Tremblay 
@crchul.ulaval.ca 



709 



710 

plays an important role in regulating the activity of ma- 
ture myostatin in vivo (13). In addition to the propep- 
tide, several other proteins have also been shown to be 
capable of binding and inhibiting myostatin (4,5,20,31). 
One of these is follistatin protein, and this inhibition oc- 
curs after the formation of a latent complex formed by 
active myostatin and follistatin (13). Indeed, it has been 
reported that transgenic mice overexpressing the follis- 
tatin protein show an increased muscle mass similar to 
that observed in transgenic mice lacking myostatin 
(2,13), while a lack of functional follistatin causes a im- 
portant reduction in muscle mass at birth (15). 

In addition, Minetti et al. showed that treatment of 
mdx mice with deacetylase inhibitor (trichostatin A) re- 
sults in an increase in the size of myofibers by inducing 
expression of the myostatin antagonist follistatin in sat- 
ellite cells, and that this conferred to dystrophic muscles 
resistance to contraction-coupled degeneration and alle- 
viated both morphological and functional consequences 
of the primary genetic defect (19). Follistatin is a se- 
creted protein glycoprotein encoded by a single gene 
that is subject to alternative splicing. This mechanism 
generates two different forms of the protein: the short 
(FS288) and the long (FS 315) form of follistatin (26). 

C-terminal, which permits the protein to bind the extra- 
cellular matrix and thus to be less diluted in the circula- 
tion (8). 

The objective of our experiments was first to geneti- 
cally modify human myoblasts with a recombinant len- 
tivirus to overexpress the follistatin short form protein 
to increase their proliferation and/or differentiation rates 
and to measure the success of the transplantation of 
these genetically modified myoblasts in immunodefi- 
cient SCID mouse muscles. 

MATERIALS AND METHODS 

Animals 

All the experiments were approved by the animal 
care committee of the CHUL (Centre Hospitalier de 
l'Universite Laval). Severe combined immunodeficien- 
cy disease (SCID) mice were purchased from Charles 
River (Toronto, Ontario, CA). 

Cell Lines 

293T cells were grown in DMEM (Gibco, Burling- 
ton, Ontario, CA) proliferation medium complemented 
with 10% FBS (Invitrogen, Burlington, Ontario, CA) 
and 1 % penicillin-streptomycin (Gibco). Myogenic cells 
were released from minced fragments of muscle biopsy 
by enzymatic dissociation. After 1 h of incubation in 
collagenase (600 U/ml) (Sigma-Aldrich, St. Louis, MO, 
USA), cells were then incubated for 30 min in Hank's 
buffer salt solution (HBSS) (Gibco) containing 0.1% 
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trypsin and 0.02% EDTA (Gibco). Dissociated cells 
were grown in a modified MB1 medium (Hyclone, South 
Logan, UT, USA) containing 10% fetal bovine serum 
(FBS) (Gibco, Burlington, Ontario, CA), 10 ng/ml basic 
fibroblast growth factor (bFGF) (Strathmann Biotec AG, 
Hamburg. Germany), and l'< penicillin-streptomycin in 
a humidified atmosphere with 5% C0 2 at 37°C. Differ- 
entiation was induced by rinsing the cultures and switch- 
ing them to DMEM medium containing 2% FBS for 2 
days. 

Construction of a Lentivirus Vector 
and Viral Preparation 

The follistatin lentivirus vector was constructed in 
our laboratory from a plasmid coding for the human fol- 
listatin short form received from Dr. Lee's laboratory. 
For that, the follistatin transgene was cloned in a lentivi- 
rus vector under the control of a CMV promoter (pCMV- 
hFst). A lentivirus vector coding for the eGFP was used 
as a control (Fig. la). The day before the transfection, 4 x 
10 6 of 293T cells were plated in 10-cm culture dishes in 
DMEM proliferation medium supplemented with 10% 
FBS and 1% penicillin-streptomycin. Cells were then 
transfected with 15 jag of pCMV-hFst vector using the 
CaCl 2 transfection method to produce the follistatin len- 
tivirus. As a control, 293T cells were transfected with 
15 |ag of pCMV-eGFP vector. In both cases, cells were 
cotransfected with 6.5 |ig of GP, 3.5 |ig of VSVG, and 
2.5 ug of REV plasmids to permit the production of the 
viral particles. Cells were incubated overnight in prolif- 
eration medium. The day after transfection, cells were 
washed with HBSS and fresh proliferation medium was 
added to each dish. The supernatant containing produced 
hFst lentivirus and control eGFP lentiviruses were col- 
lected from transfected 293T cells 48, 72, and 96 h after 
transfection. The lentivirus was then frozen immediately 
in liquid nitrogen and stored at -80°C until transduction. 

Transduction of Normal Human Myoblasts With GFP 
or hFst Lentivirus 

The day before the transduction, 250,000 human my- 
oblasts were plated into six-well plates. Cells were trans- 
duced with pCMV-eGFP or pCMV-hFst lentiviral parti- 
cles in the presence of 6 jag/ml of polybrene. Cells were 
washed twice with HBSS 24 h after transduction to re- 
move all viral particles. Cells were then proliferated. 
During the culture, cells were transferred in T-75 flasks. 

Detection of Human Follistatin by Immunocytochemistry 
The eGFP was directly visualized under a fluorescent 
microscope. An immunocytochemistry assay was per- 
formed on pCMV-eGFP and pCMV-hFst lentivirus trans- 
duced cells to verify the expression of the human follis- 
tatin in transduced cells. Cells were first fixed for 15 
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min with ethanol 95% and nonspecific binding sites 
were blocked for 1 h with PBS containing 10% FBS. 
Cells were first incubated with monoclonal mouse anti- 
human follistatin primary antibody (R&D Systems, 
Minneapolis, MN, USA) in PBS 1% FBS (at 25 Jig/ml) 
for 1 h followed by an anti-mouse IgG conjugated with 
Alexa 546 (Molecular Probes, Burlington, Ontario, CA) 
(1:300) for 1 h. Finally, nuclei were stained with DAPI. 

Detection of the Human Follistatin by Western Blot 

A Western blot was made with extracts from pCMV- 
eGFP and pCMV-hFst lentivirus transduced cells to 
quantify the expression of human follistatin. Cells were 
first sonicated directly in a lysis buffer containing 20 
mM Tris, pH 7.5, 1 mM DTT, 1 mM PMSF, 1% SDS. 
Proteins were then precipitated with methanol and chlo- 
roform and finally quantified using the amino-black re- 
agent. After that, 20 jug of protein was separated by 
SDS-PAGE under reducing conditions. Follistatin was 
detected by incubating the membrane with a monoclonal 
mouse anti-human follistatin antibody at 25 tig/ml 
(R&D Systems) and incubating for 1 h. An anti-mouse 
horseradish peroxidasc-couplcd antibody (DAKO, Car- 
pinteria, CA, USA) was used as a second antibody at 1 : 
2000 and incubated for 1 h. 

Immunodetection of Human l-'ollisiatin Protein 
by Dot Blot 

A dot blot against human follistatin was performed 
with the conditioned media of human cells transduced 
with the pCMV-eGFP or with the pCMV-hFst lentivirus 
to verify the follistatin secretion. Then 100 and 500 |Xl 
conditioned medium from eGFP and hFst transduced 
cells was applied to a nitrocellulose membrane. The 
membrane was then incubated with a monoclonal mouse 
anti-human follistatin antibody at 25 |Ug/ml (R&D Sys- 
tems) for 1 h followed by an anti-mouse horseradish per- 
oxidase-coupled antibody at 1 :2000 for 1 h. 

Proliferation Test 

pCMV-eGFP and pCMV-hFst lentivirus transduced 
human myoblasts (2,000 each) were plated in four 24- 
well plates in proliferation medium (DMEM-HG, 10% 
FBS, 1% penicillin-streptomycin). Cells were synchro- 
nized in serum-free medium for 48 h before the experi- 
ment. The proliferation medium was replaced daily. 
Cells were rinsed with PBS, blotted, and frozen at 
-80°C until analysis. Proliferation was measured at T 0 
(48 h after the serum starvation), T 4sh , T 12h , and r 96h using 
the Cyquant cell proliferation kit (Molecular Probes) 
assay according to the manufacturer's protocol. The 
assay was performed three times. 
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fusion Index 

pCMV-eGFP- and pCMV-hFst transduced cells were 
plated in a 24-well plate at 40,000 cells/well in prolifera- 
tion medium. One day later, cells were rinsed with 
HBSS and incubated in a differentiation medium (DMEM 
containing 2% FBS), in the presence or in the absence 
of recombinant myostatin in a humidified atmosphere 
with 5% C0 2 at 37°C for 2 days. Fresh differentiation 
medium with or without recombinant myostatin was re- 
placed daily. Cells were then fixed in 4% paraformalde- 
hyde for 15 min, and permeabilized with 3% Triton 
X-100 in PBS for 3 x 15 min. Myotubes were immuno- 
stained with a mouse anti-myosin heavy chain antibody 
(1:100 for 2 h), followed by an anti-mouse IgG conju- 
gated with Alexa 546 (1:300 for 1 h). Cell nuclei were 
marked with DAPI (1:10000). After the immunocyto- 
chemistry, the fusion index (defined as the number of 
DAPI-stained nuclei inside myotubes in a given field 
divided by the total number of DAPI-stained nuclei in 
the same field) of each condition was calculated. The 
assay was performed three times. 

In Vivo Animal Studies 

hFst transduced human myoblasts (500,000) were 
transplanted in tibialis anterior muscles of three 3-month- 
old SCID mice. Control muscles were transplanted with 
the same amount of cells transduced with the eGFP len- 
tivirus. For transplantation, cells were detached from the 
flasks using Trypsin-EDTA and washed twice with 
HBSS. The cell pellet was resuspended in 10 jllI of 
HBSS and slowly injected in muscles using a glass cap- 
illary. Mice were sacrificed 3 weeks later and the cell- 
grafted muscles were dissected out and frozen. Serial 
cryostat sections (12 urn) were prepared throughout the 
whole muscle length. 

Immunohistochemical Deled ion of Human Dystrophin 

Sections were first washed with PBS. Nonspecific 
binding sites were blocked by incubating the cryostat 
sections with PBS containing 10% FBS for 1 h. Human 
dystrophin was detected with a mouse anti-human dys- 
trophin antibody (Vector Laboratories, Burlington, On- 
tario, CA) (1:50 for 2 h), followed by a biotinylated anti- 
mouse antibody (DAKO) (1:300 for 45 min) and strep- 
tavidin-Cy3 (Sigma-Aldrich) (1:300 for 45 min). Sections 
were washed three times with PBS after each antibody 
incubation. Dystrophin staining was observed on PBS- 
glycerol mounted slides under an ultraviolet lamp micro- 
scope using a fluorescein isothiocyanate filter. 

Statistical Analysis 

The significance of results was evaluated using Stu- 
dent's f-test between groups (Figs. 3 and 5) and ANOVA 
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Figure 2. Overexpression and secretion of follistatin in human myoblasts transduced with human 
follistatin lentivirus. (a, top) Normal human myoblasts (not fixed) expressing the eGFP after the 
lenti virus transduction (lOOx). (a, middle and bottom) Immunocytochemical detection of human 
follistatin in human myoblasts transduced with eGFP or with hFst lentivirus by and corresponding 
nuclei stained with DAPI (lOOx). (b) Western blot detection of human follistatin in proteins ex- 
tracted from transduced human myoblasts, (c) Dot blot detection of human follistatin in condi- 
tioned media of transduced human myoblasts. 
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Figure 3. Increased proliferation of human normal myoblasts 
overexpressing follistatin following lentiviral transduction. 
The kinetics of proliferation of control human myoblasts 
(transduced with eGFP lentivirus) in comparison with human 
myoblasts overexpressing follistatin protein based on a Cy- 
quant cell proliferation assay. The result is reported as fluores- 
cence percentage in comparison with the starting value corre- 
sponding to the fluorescence at T 0 (100%) (n = 3). *p < 0.05. 



followed by Bonferroni correction of the f-test within 
groups (Fig. 4) on GraphPad software. 



Lentivirus Vector-Induced Follistatin Expression 
in 293T and Human Myoblasts 

The ability of lentivirus vector to transduce human 
adult myoblasts was first assessed. The immunocyto- 
chemistry assay (Figs, lb, 2a) showed that pCMV-eGFP 
transfected or transduced human adult myoblasts were 
follistatin negative, whereas pCMV-hFst transfected hu- 
man myoblasts were all follistatin positive. The protein 
was thus well expressed in transduced cells. To confirm 
the results of the immunocytochemistry assay, a West- 
ern blot against follistatin was performed on a protein 
extract of each cell group (pCMV-eGFP or pCMV-hFst 
transfected 293T cells and pCMV-eGFP or pCMV-hFst 
transduced human myoblasts). The Western blots (Figs, 
lc, 2b) clearly confirmed the overexpression of the fol- 
listatin protein by showing a more intense band in 
pCMV-hFst transfected 293T cells and transduced my- 
oblasts in comparison with control cells. 

Overexpressed Follistatin Promoted Human Myoblast 
Proliferation In Vitro 

For this experiment, myoblasts were first synchro- 
nized by serum deprivation for 48 h and complete me- 
dium was then added to the cells. Some of the cells died 
during the first 48 h due to the previous serum depriva- 
tion. The cells then proliferated. Figure 3 shows that the 



proliferation of pCMV-hFst transduced myoblasts was 
increased when compared with control myoblasts ex- 
pressing eGFP. This could be explained by the fact that 
overexpressed follistatin antagonized the inhibitory ef- 
fect of myostatin present in the proliferation medium. 

Overexpressed Follistatin Promoted Human Myoblast 
Differentiation In Vitro 

Recombinant myostatin blocked myoblast fusion and 
reduced the number of myotubes formed by eGFP and 
by hFst transduced myoblasts (Fig. 4). However, my- 
oblasts expressing hFst formed more myosin heavy 
chain-positive myotubes than control eGFP-expressing 
cells. This is more evident in the absence of recombinant 
myostatin; indeed, when treated with the indicated dose 
of recombinant myostatin, hFst myoblasts failed to form 
significantly more myotubes than eGFP control cells. 
This could be explained by the fact that the amount of 
overproduced follistatin by hFst transduced cells is not 
sufficient to completely abolish the inhibitory effect of 
recombinant myostatin on differentiation process (Fig. 4). 

Overexpressed Follistatin Enhanced the Success 
of Human Myoblast Transplantation in SCID Mice 

Human myoblasts transduced either with eGFP or 
hFst lentivirus were transplanted in immunodelicicnt 
SCID mouse muscles to measure their potential to form 
muscle fibers expressing human dystrophin. An immu- 
nohistochemistry assay performed on sections of muscle 
transplanted either with GFP- or Fst-expressing human 
myoblasts (Fig- 5a) was used to count human dyslrophin- 
positive fibers in each condition. Figure 5b shows that 
the success of the graft was clearly improved in muscles 
transplanted with myoblasts overexpressing the follis- 
tatin. Indeed, only 51 + 14 hybrid fibers were counted in 
muscles transplanted with eGFP transduced myoblasts, 
while 106 + 6 hybrid fibers were counted in muscle 
transplanted with hFst transduced myoblasts. 

DISCUSSION 

Normal myoblast transplantation in dystrophic mus- 
cle constitutes a potential therapy for Duchenne muscu- 
lar dystrophy. However, the success of this potential 
therapeutic approach is limited by three major problems: 
1) the poor survival of transplanted myoblasts, 2) the 
immune response against transplanted myoblasts, and 3) 
the fusion of the transplanted myoblasts only with the 
damaged muscle fibers located near the injection trajec- 
tories (28). In addition to those problems, the success of 
this therapy could be reduced by the short period of 
muscle regeneration, which follows muscle injury. 

Myostatin is the most powerful inhibitor of muscle 
growth and regeneration identified to date (10,17,18). 
In fact, myostatin is known to regulate negatively both 
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Figure 4. Improved differentiation of normal human myoblasts transduced with a follistatin lentivirus treated or not with recombi- 
nant myostatin. (a) Immunocytochemical detection of myosin heavy chain (in red) on human myoblasts, incubated for 2 days in 
differentiation medium, expressing eGFP or hFst and treated or not with recombinant myostatin (500 ng/ml), and corresponding 
nuclei stained with DAPI (100X). (b) Percentage of nuclei present in MyHC -positive cells over the total number of nuclei in normal 
human myoblasts transduced w ith eGFP or hFst lentivirus, and exposed or not to 150 ng/ml of recombinant myostatin (n = 3). (pp < 
0.01; *,xp< 0.05; typ < 0.1. 
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Figure 5. Improved transplantation success in SCID mice of follistatin-expressing myoblasts, (a) 
Representative sections of SCID muscles transplanted cither with pCMV-eGFP transduced my- 
oblasts, or pCMV-hFst transduced myoblasts and immunostained in red with an anti-human dys- 
trophin antibody (lOOx). (b) Number of human dystrophin-positive fibers in SCID mouse muscles 
transplanted either with pCMV-eGFP or pCMV-hFst transduced myoblasts (n = 6). *p < 0.05. 



proliferation and differentiation of myoblasts, by the 
overexpression of the p21 cyclin-dependent kinase in- 
hibitor (30), and also by downregulating the expression 
of muscle differentiation-related genes such as MyoD 
and myogenin (12). Myostatin also regulates muscle re- 
generation by blocking satellite cell activation and self- 
renewal. Myostatin action is antagonized by several pro- 
teins, including follistatin, which blocks its interaction 
with its specific receptor, ActRIIB (activin type II B re- 
ceptor) (1). Moreover, follistatin regulates the expres- 
sion of the myostatin gene in C 2 C 12 myoblasts (11). In 
this study, we used a lentivirus to overexpress the short 
form of human follistatin in normal human myoblasts. 
An eGFP lentivirus was used as a control for all the 



experiments. The purpose of this work was to evaluate 
the effects of myostatin signal blockade by follistatin on 
proliferation, differentiation, and transplantation poten- 
tial of myoblasts. 

First, we demonstrated that adult human myoblasts 
were efficiently transduced with the follistatin-coding 
lentivirus and that these cells secreted this protein. Sec- 
ond, our results showed that the action of myostatin on 
myoblast proliferation and differentiation was blocked 
when follistatin was overproduced. This effect was 
probably mediated by the inhibition of the induction of 
p21 expression (9,30) and the overexpression of MyoD 
(12,23) in the absence of myostatin signal. This allowed 
myoblasts to progress in the cell cycle from the phase 
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Gi and to differentiate in multinuclear myotubes. Fi- 
nally, we assessed the potential of transduced myoblasts 
(eGFP or hFst) to form hybrid dystrophin-positive fibers 
when transplanted in immunodeficient SCID mouse 
muscles. The graft success was about twofold higher 
with hFst-expressing myoblasts than with control eGFP 
myoblasts. The improvement of myoblast graft success 
can be explained by the fact that both endogenous host 
myostatin and the myostatin produced by transplanted 
myoblasts themselves were inhibited by the overpro- 
duced follistatin protein. Thus, hFst myoblasts have bet- 
ter proliferation and differentiation rates than eGFP both 
in vitro and in vivo. However, the success of the my- 
oblast transplantation, even with the myoblasts overex- 
pressing the follistatin protein, was limited at around 
100 fibers after the transplantation of 500,000 my- 
oblasts. This could be explained by other limitations fac- 
ing myoblast transplantation, such as the poor myoblast 
dissemination and survival (29). 

In summary, myostatin fixation to the ActRIIB blocks 
myoblast proliferation and differentiation via three differ- 
ent intracellular pathways identified lo dale: Smads fam- 
ily of transcription factors (34), PI3K/Akt/GSK3P path- 
way (33), and finally the MAPK-dependent intracellular 
pathways (7,22,32). 

We have shown here that combination of myoblast 
transplantation with induction of release of follistatin 
permitted to enhanced myogenic cell fusion and im- 
proved the graft success. By blocking the myostatin sig- 
nal, follistatin could act by increasing and prolonging 
the regeneration period, which follows myoblast trans- 
plantation, and thus permits the fusion of the trans- 
planted myoblasts with more host muscle fibers. Ii could 
also be responsible for the improvement of the dystro- 
phic phenotype, as was shown recently by Minetti et al. 
(19). In addition, induced follistatin could positively act 
on myoblast graft success by reducing the fibrosis in 
transplanted muscle (14). The overexpression of follis- 
tatin is thus a procedure that may permit improving the 
success of myoblast transplantation as a treatment for 
Duchenne muscular dystrophy patients. 

ACKNOWLEDGMENTS: We thank Dr. Lee for giving us the 
follistatin plasuiid. this work has keen supported by the Asso- 
ciation I/rancaise centre les Myopathies, the Canadian Insti- 
tute for Health Research, and the Muscular Dystrophy Canada. 

REFERENCES 

1. Amthor, H.; Nicholas, G.; Mckinnell, I.; Kemp, C. R; 
Sharma, M.; Kambadur, R.; Patel, K. Follistatin com- 
plexes myostatin and antagonises myostatin-mediated in- 
hibition of myogenesis. Dev. Biol. 270:19-30; 2004. 

2. Benabdallah, B. R; Bouchentouf, M.; Rousseau, J.; Bigey, 
P.; Michaud, A.; Chapdelaine, P.; Scherman, D.; Trem- 
blay, J. P. Inhibiting myostatin with follistatin improves 
the success of myoblast transplantation in dystrophic 
mice. Cell Transplant. 17:337-350; 2008. 



3. Emery, A. E. Duchenne muscular dystrophy — Meryon's 
disease. Neuromuscul. Disord. 3:263-266; 1993. 

4. Hill, J. J.; Davies, M. V.; Pearson, A. A.; Wang, J. H; 
Hewick, R. M.; Wolfman, N. M.; Qiu, Y. The myostatin 
propeptide and the follistatin-related gene are inhibitory 
binding proteins of myostatin in normal serum. J. Biol. 
Chem. 277:40735-40741; 2002. 

5. Hill, J. J.; Qiu, Y.; Hewick, R. M.; Wolfman, N. M. Regu- 
lation of myostatin in vivo by growth and differentiation 
factor- associated serum protein- 1: A novel protein with 
protease inhibitor and follistatin domains. Mol. Endocri- 
nol. 17:1144-1154; 2003. 

6. Hoffman, E. P.; Brown, R. H; Kunkel, L. M. Dystrophin: 
The protein product of the Duchenne muscular dystrophy 
locus. Cell 51:919-928; 1987. 

7. Huang, Z.; Chen, D.; Zhang, K.; Yu, B.; Chen, X.; Meng, 
J. Regulation of myostatin signaling by c-Jun N-terminal 
kinase in C2C12 cells. Cell. Signal. 19(ll):2286-2295; 
2007. 

8. Inouye, S.; Ling, N.; Shimasaki. S. Localization of the 
heparin binding site of follistatin. Mol. Cell. Endocrinol. 
90:1-6; 1992. 

9. Joulia, D.; Bernardi, H; Garandel, V.; Rabenoelina, R; 
Vernus, B.; Cabello, G. Mechanisms involved in the inhi- 
bilion of mvohlasl proliferation and differentiation by my- 
ostatin. Exp. Cell Res. 286:263-275; 2003. 

10. Kambadur, R.; Sharma, M.; Smith, T. P.; Bass, J. J. Muta- 
lions in myostatin (GDF8) in double-muscled Belgian 
Blue and Piedmontese cattle. Genome Res. 7:910-916; 
1997. 

11. Kocamis, H; Gulmez, N.; Asian, S.; Nazli, M. Follistatin 
alters myostatin gene expression in C2C12 muscle cells. 
Acta Vet. Hung. 52:135-141; 2004. 

12. Langley, B.; Thomas, M.; Bishop, A.; Sharma, M.; Gilmour, 
S.; Kambadur. R. Myostatin inhibits myoblast differentia- 
tion by down-regulating MyoD expression. J. Biol. Chem. 
277:49831-49840; 2002. 

13. Lee, S. J.; Mcpherron, A. C. Regulation of myostatin ac- 
tivity and muscle growth. Proc. Natl. Acad. Sci. USA 98: 
9306-9311; 2001. 

14. Li. Y.; Li. J.; Zhu. J.; Sun, B.; Branca, M.; Tang, Y.; Foster, 
W.; Xiao, X.; Huard, J. Decorin gene transfer promotes 
muscle cell differentiation and muscle regeneration. Mol. 
Ther. 15:1616-1622; 2007. 

15. Matzuk, M. M.; Lu, N.; Vogel, H; Sellheyer, K; Roop, 
D. R.; Bradley. A. Multiple defects and perinatal death in 
mice deficient in follistatin. Nature 374:360-363; 1995. 

16. McCroskery, S.; Thomas, M.; Maxwell, L.; Sharma, M.; 
Kambadur. R. Myostatin negatively regulates satellite cell 
activation and self-renewal. J. Cell Biol. 162:1135-1147; 
2003. 

17. McPherron, A. C; Lawler, A. M.; Lee, S. J. Regulation 
of skeletal muscle mass in mice by a new TGF-beta super- 
family member. Nature 387:83-90; 1997. 

18. McPherron, A. C; Lee, S. J. Double muscling in cattle 
due to mutations in the myostatin gene. Proc. Natl. Acad. 
Sci. USA 94:12457-12461; 1997. 

19. Minetti, G. C; Colussi, C; Adami, R.; Serra, C; Mozzetta, 
C; Parente, V.; Fortuni, S.; Straino, S.; Sampaolesi, M.; 
Di Padova, M.; Illi, B.; Gallinari, P.; Steinkuhler, C; 
Capogrossi. M. ('.: Sartorelli. V.: Bottinelli. K.: Gaetano, 
C; Puri, P. L. Functional and morphological recovery of 
dystrophic muscles in mice treated with deacetylase inhib- 
itors. Nat. Med. 12:1147-1150; 2006. 

20. Nicholas, G; Thomas, M.; Langley, B.; Somers, W.; Patel, 
K; Kemp, C. F.; Sharma, M.; Kambadur, R. Titin-cap as- 



BENABDALLAH ET AL. 



sociates with, and regulates secretion of, myostatin. J. 
Cell. Physiol. 193:120-131; 2002. 

21. Partridge, T. A.; Morgan, J. K; Coulton, G. R; Hoffman, 
E. P.; Kunkel, L. M. Conversion of mdx myofibres from 
dystrophin-negative to -positive by injection of normal 
myoblasts. Nature 337:176-179; 1989. 

22. Philip, B.; Lu, Z.; Gao, Y. Regulation of GDF-8 signaling 
by the p38 MAPK. Cell. Signal. 17:365-375; 2005. 

23. Pisconti, A.; Brunelli, S.; Di Padova, M.; De Palma, C; 
Deponti, D.; Baesso. S.: Sartorelli. V.; Cossu, G.; Clem- 
enti, E. Follistatin induction by nitric oxide through cyclic 
GMP: a tightly regulated signaling pathway that controls 
myoblast fusion. J. Cell Biol. 172:233-244; 2006. 

24. Rios, R.; Carneiro, I.; Arce, V. M.; Devesa, J. Myostatin 
is an inhibitor of myogenic differentiation. Am. J. Physiol. 
Cell Physiol. 282:C993-999; 2002. 

25. Rowland, L. P. Biochemistry of muscle membranes in Du- 
chenne muscular dystrophy. Muscle Nerve 3:3-20; 1980. 

26. Shimasaki, S.; Koga, M.; Esch, E; Cooksey, K.; Mercado, 
M.; Koba, A.; Ueno, N.; Ying, S. Y.; Ling, N.; Guillemin, 
R. Primary structure of the human follistatin precursor and 
its genomic organization. Proc. Natl. Acad. Sci. USA 85: 
4218-4222; 1988. 

27. Skuk, D.; Goulet, M.; Tremblay, J. P. Use of repeating 
dispensers to increase the efficiency of the intramuscular 
myogenic cell injection procedure. Cell Transplant. 15: 
659-663; 2006. 



28. Skuk, D.; Tremblay, J. P. Myoblast transplantation: The 
current status of a potential therapeutic tool for myopa- 
thies. J. Muscle Res. Cell Motil. 24:285-300; 2003. 

29. Skuk, D.; Tremblay, J. P. Progress in myoblast transplan- 
tation: A potential treatment of dystrophies. Microsc. Res. 
Tech. 48:213-222; 2000. 

30. Thomas. M.: l.antilev. B.: Berry. ('.: Sharma. M.: Kirk. 
S.; Bass, J.; Kambadur, R. Myostatin, a negative regulator 
of muscle growth, functions by inhibiting myoblast prolif- 
eration. J. Biol. Chem. 275:40235-40243; 2000. 

31. Wang, H.; Zhang, Q.; Zhu, D. hSGT interacts with the 
N-terminal region of myostatin. Biochem. Biophys. Res. 
Commun. 311:877-883; 2003. 

32. Yang, W.; Chen, Y.; Zhang, Y.; Wang, X.; Yang, N.; Zhu, 
I). Extracellular signal-ivgulatcd kinase 1/2 milogen-acli- 
vated protein kinase pathway is involved in myo statin-regu- 
lated differentiation repression. Cancer Res. 66:1320- 
1326; 2006. 

33. Yang, W.; Zhang, Y.; Li, Y.; Wu, Z.; Zhu, D. Myostatin 
induces cyclin Dl degradation to cause cell cycle arrest 
through a phosphatidylinositol 3-kinase/AKT/GSK-3 beta 
pathway and is antagonized bv insulin-like growth factor 
1. J. Biol. Chem. 282:3799-3808; 2007. 

34. Zhu, X.; Topouzis, S.; Liang, L. F.; Stotish, R. L. Myos- 
tatin signaling through Smad2. Smad3 and Smad4 is regu- 
lated by the inhibitory Smad7 by a negative feedback 
mechanism. Cytokine 26:262-272; 2004. 



